The seasonal variation in leaf epicuticular and internal (cellular) UV-B absorbing compounds was followed in field-grown shrubs of Cistus creticus L. Fully exposed and permanently shaded (under a canopy of evergreen sclerophylls) individuals were used. Near monthly measurements were performed for three years. In addition, a 2-year field experiment was established, in which fully exposed plants received ambient or ambient plus supplemental UV-B radiation, simulating a 15% ozone depletion over Patras (38.3° N, 29.1° E). A second, six-month field experiment investigated the effects of additional summer irrigation on UV-B absorbing compounds. It was found that: (a) exposed plants had considerably higher concentrations of UV-B absorbing compounds (both epicuticular and internal), irrespective of season, (b) exposed and shaded plants exhibited dramatic and yearly consistent seasonal fluctuations in epicuticular material with a c. 18-fold difference between the summer maxima and winter minima. Internal UV-B absorbing compounds showed the same seasonal trends, but with far less pronounced differences, (c) In the 2-year field experiment with enhanced UV-B radiation, an increase in both epicuticular and internal UV-B absorbing capacity was evident only during the summer dry period of the first year. Later on, however, and up to the termination of the experiment, the differences were abolished, (d) Well-watered and water-stressed plants showed the same levels of both epicuticular and internal UV-B absorbing compounds.
Introduction
Terrestrial plant tissues contain, in abundance, a variety of phenolic and flavonoid compounds which are considered to play a significant role in the relation of plants with the biotic and abiotic environment (Dakora, 1995) . Some flavonoids may contribute to the antioxidative potential of the cells, since they have been shown to quench in vitro some toxic free radicals generated under a variety of enviromental stresses (Larson, 1988) . Other phenolics possess antibacterial and antifungal properties (Matern and Kneusel, 1988) . Also, some compounds possess a considerable allelopathic potential, contributing to the competitive balance within or between species in the same environment (Rice, 1979) and tannins are considered a successful antiherbivore defence, due to their protein precipitating properties (Bernays et al, 1989) . Recently, much attention has been given to the possible function of these compounds as selective filters against ultraviolet-B (UV-B, 280-320 nm) radiation damage. Their crude optical properties with high absorbance in the UV, but excellent transmittance in the photosythetically active region of the spectrum, combined with the mainly superficial location on the cuticle (Wollenweber and Dietz, 1981) , trichomes (Karabourniotis et al, 1992) or epidermis (Robberecht and Caldwell, 1978) , make them useful in this respect (Caldwell et al, 1983) . Accordingly, the phenolic content of a tissue may be critical for its UV-B radiation resistance. This may be even more important in view of the expected UV-B radiation increase due to the observed stratospheric ozone depletion (Stolarski et al, 1992) .
If phenolics and flavonoids do have the above ascribed functions, one may predict that their levels on the cuticle and within the cells should fluctuate with the season and site, attaining maxima when and where the corresponding environmental stresses exert their maximal effects. For example, UV-B radiation at a given site fluctuates considerably with season and shading (Caldwell, 1981) . Accordingly, seasonal fluctuations have been monitored of both epicuticular and internal UV-B absorbing compounds in the leaves of Cistus creticus L., growing wild at sites of contrasting irradiance levels and, therefore, exposed to different magnitudes of summer drought and/or light stress. In addition, the above measurements have been supported with field experiments investigating the effects of supplemental UV-B radiation and irrigation on the levels of these compounds.
C. creticus is a drought semi-deciduous Mediterranean shrub, accumulating large amounts of flavonoid aglycones on its leaf surfaces (Vogt et al, 1987) . The interspecific differences in the qualitative composition of this epicuticular material have been extensively studied and used for taxonomic purposes (Vogt et al, 1987) . However, seasonal or environmental changes have been seldom addressed (Chaves et al., 1993) .
Materials and methods

Plant material, sampling site and climate
C. creticus is a Mediterranean malacophyllous shrub occupying either exposed or shaded habitats and grows wild in abundance in the vicinity of the Patras University campus (38.3°N, 29.1° E).
Four exposed and four shaded individuals, of similar size and situated within a radius of 25 m, were selected for measurements and tagged during December 1992. They remained alive and apparently healthy during the whole sampling period. Shading was provided by natural vegetation of evergreen sclerophylls dominated by Quercus coccifera, Arbutus unedo and Pistacea lentiscus. On each sampling date, 4 leaves of each shrub (3rd to 4th leaves from the apex of individual branches) were collected, put in small air-tight bags, taken immediately to the laboratory and extracted separately.
The climatic diagram for the site, based on 30 ) years records is given in Fig. 1 , showing that the climate is characterized by mild, wet winters and long, dry, and hot summers. In addition, summers are characterized by an almost complete absence of cloudy days. Meteorological data were provided by the University Weather Station.
Enhanced UV-B radiation expenment
Apparently uniform seedlings (about 1-year-old) were carefully excavated from their natural environment during November 1993, put in 5 1 plastic pots with soil from the same place and transferred into a small open nursery in the vicinity of the UV-B frames. Up to late January 1994, their growth rate was recorded and 20 seedlings, with similar growth rate, height, leaf number and total branch length were selected for further experimentation. The bottom of each plastic container was removed to permit root growth and the pots were buried at ground level in local, well-mixed soil under appropriate control and UV-B frames, which were located in a horizontal, shadefree area with, no reflecting objects around. A distance of 200 cm between the control and UV-B frames and a horizontal metal shield at the height of the distal UV-B tubes were enough to exclude all supplemental UV-B radiation from the plants under the control frame, as shown with preliminary measurements of UV-B irradiance. Accordingly, there was no need to interpose UV-B absorbing filters between the frames. One control and one UV-B frame were used, with 10 seedlings per frame. The experiment lasted for 23 months and during this period the plants received only natural precipitation.
The UV-B irradiation system has been described previously and details can be found in Nikolopoulos et al. (1995) and Petropoulou et al. (1995) . In brief, UV-B radiation was given by Philips TL 40/12 fluorescent tubes wrapped with 0.1 mm cellulose acetate film (Courtaulds Chemicals, Derby, UK), which was replaced regularly to avoid significant changes in its transmission properties. Spectral irradiance was measured with an OL 752 Optronic (Orlando, FL, USA) spectroradiometer, calibrated against an OL 752-10 spectral irradiance standard and an OL 752-150 module for wavelength accuracy. In order to determine the supplemental, biologicaly effective (UV-B BF ) daily dose corresponding to the required 15% ozone depletion, the absolute spectral irradiance (measured at night) was weighted with the generalized plant action spectrum normalized at 300 nm (Caldwell, 1971) . The computer program of B6rn and Murphy (1985) , giving the daily biologically effective doses for various ozone depletion scenaria was then used, in order to calculate the number of hours of supplemental UV-B irradiation required per day. Each day, the supplemental irradiance was increased (and decreased) in two steps centred at solar noon and the lamp duration was modified monthly, in order to follow the natural march of ambient UV-B radiation change. In control frames, the TL 40/12 tubes were replaced by white, plastic tubes of the same diameter. In this way, the visible light environment under control and UV-B frames was similar. With this system, midday UV-A radiation under the UV-B frames was increased by 1.9% in relation to the ambient , due to the small amount of UV-A radiation emitted by the tubes. This increase was reduced to 0.95% when half of the tubes were on and it was completely abolished when all the tubes were off (early morning and late afternoon). Accordingly, the daily integrated per cent increase in UV-A was less than 1%. Much higher differences are needed for UV-A radiation to modify the UV-B radiation effects under the high photosynthetically active radiation levels in the field (Caldwell et al., 1994) . However, Newsham et al. (1996) have found effects of very small amounts of UV-A radiation on plant height and shoot length in Querqus robur.
Repeated measurements of soil water potential showed that there was no difference in water availability between the control and UV-B plots.
Water stress experiment
The initial procedure for seedling collection was the same as described in the UV-B experiment, but the seedlings were put in 5 1 clay pots which were not buried in the soil. A total of 24 seedlings were used, receiving natural precipitation throughout the 8 month (March to October, 1995) experimental period. Half of them ('well-watered') received additional irrigation (275 ml per pot every 10 d, tap water) during the summer while the rest ('water-stressed') received half this amount. This minimal irrigation of water-stressed plants was critical since the limitations in root growth in the clay pots could be lethal for the plants during the summer dry period.
Extraction of epicuticulal and internal phenolics and measurement of their UV-B absorbing capacity
Epicuticular phenolics and flavonoid aglycones were removed by rinsing the leaves for 2 min in chloroform (Vogt et al., 1991) . Preliminary trials showed that 2 min were enough for complete removal of external compounds. After evaporation of chloroform, the residue was dissolved in methanol. For internal phenolics, the chloroform-rinsed leaves were ground in a mortar with 90% methanol in water and a small amount of purified sea sand. The extract was clarified by centrifugation. Absorption spectra of the methanolic extracts were recorded with a Shimadzu UV 160 A double beam spectrophotometer.
Other measurments
Photosynthetically active radiation (PAR) and unweighted UV-B radiation were measured with a Decagon (SF-80, Pullman, WA), 80 cm linear Sunfleck Ceptometer and a Macam (PD 104B) UV-B sensor, respectively. The instant, hourly rates were integrated to calculate the total daily rates. The Macam sensor was calibrated against the Optronic 752 spectroradiometer using global radiation the day before the actual Epicuticular UV-B absorbing capacity 1979 measurements at the sampling site. Shoot water potential was measured with a SKPM 1400 (SKYE, UK.) pressure chamber. Soil water potential was measured with a Decagon (Pullman, WA) SC-10 thermocouple psychrometer. Relative water content (R IVC) was measured following the leaf disc floating method (Turner, 1981) .
Results
New leaf development of Cistus creticus occures two times per year. The so-called 'summer' leaves appear in the spring, but their growth is arrested during the summer dry period. They complete their growth after the first autum rains. 'Winter' leaves are set during winter and both leaf populations are shed during early summer (Orshan et al. 1989) . Accordingly, leaf area index is dramatically reduced during the summer. This drought semi-deciduous habit is considered as an adaptation against excess water loss during the summer (Orshan, 1954; Kyparissis and Manetas, 1993) .
Epicuticular material of C. creticus leaves shows a strong, selective absorbance in the UV (Fig. 2) and no absorbance in the visible region of the spectrum (not shown). The bathychromic shift in peak absorbance upon alkalization of the medium (Fig. 2) is an indication of the presence of flavonoids (Harborne, 1973) . Since there were no seasonal qualitative changes in the pattern of relative spectral absorbance, in the rest of this study only the absorbance at 300 nm (A 300 ), chosen as the mean wavelength of the UV-B region, will be given.
In Table 1 influential for the foliar levels of phenolic compounds (Gershenzon, 1984) are shown, as measured in the sampling site and at two contrasting seasons. As expected, PAR and UV-B were higher at the exposed site. In addition, midday leaf water potentials (i/« w ) were lower during the summer dry period, especially in the exposed site which, apparently, suffers from higher evaporative demand.
Seasonality in UV-B absorbing capacity
UV-B absorbing capacity of leaf epicuticular material was considerably higher on exposed, compared to shaded individuals (Fig. 3) . In both cases, a strong seasonality, with maxima during the end of the summer period was shown (Fig. 3) . Immediately after the first autumn heavy rains, UV-B absorbing capacity was dramatically reduced on exposed plants while the corresponding reduction on shaded plants was less intense (Fig. 3) . Accordingly, the observed differences between exposed and shaded individuals became less pronounced during the wet period of the year. In both cases, minima occurred during the spring and the timing of events showed a consistency from year to year. Leaves of Mediterranean semi-deciduous malacophylls rapidly increase their leaf surface area immediately after the first autumn rains (Kyparissis and Manetas, 1993) . That was also true for C. creticus, as showed by following the area development of tagged leaves of exposed plants (Fig. 4) . Leaf growth was arrested during the summer period of rapid accumulation of epicuticular UV-B absorbing compounds, and resumed gradually with the first rains. After that, the leaf area remained stable up to their shedding during next June. One may assume that during the autumnal rapid increase of leaf area, a dilution of UV-B absorbing compounds may occur, if the rate of their production cannot keep pace with the rate of leaf area increase. The observed, dramatic autumn reduction in AJOO cm" 2 ( Fig. 3) , however, can not be interpreted on the basis of the corresponding 2-fold increase in leaf area (Fig. 4) . On the other hand, UV-B absorbing capacity continued to decrease during the wet period, even after leaf area had attained a plateau (compare Figs 3   and 4) . Therefore, it may be presumed that the epicuticular material could be removed from the leaves by the rain. Chaves et al. (1993) have already suggested this possibility for Cistus ladanifer leaf exudate. Flavonoid aglycones are better dissolved in organic solvents than in water, especially if they are embedded in a waxy epicuticular material (Vogt et al., 1991) . In some cases, however, epicuticular material may be highly water soluble (Stephanou and Manetas, 1995) . In preliminary laboratory trials with C. creticus leaves, it was shown that c. 20% of its epicuticular UV-B absorbing capacity could be removed by 3 h rinsing with water. Further experiments are needed to confirm this hypothesis.
Concerning the seasonality of internal (cellular) UV-B absorbing capacity, similar trends were observed (Fig. 5) . However, the magnitute of the differences was far less pronounced, compared to the corresponding values obtained for the epicuticular material. In addition, no correlation was established between UV-B absorbing capacity and the height of the precipitation (not shown), indicating the absence of considerable leakage of the internal UV-B absorbing compounds.
Effects of enhanced UV-B radiation on epicuticular and internal UV-B absorbing capacity
In the plants grown under the UV-B and control frames, the same trends in the seasonal variation of both epicuticular and internal UV-B absorbing compounds were observed. Figure 6 shows that enhanced UV-B radiation had no significant effect on epicuticular compounds from the start of the experiment (22 January) and up to late June, i.e. up to the end of the wet period. However, statistically significant, UV-B induced increases were observed on 30 July, 23 August and 31 October. The differences were abolished for the rest of the experimental period and, in fact, UV-B induced decreases were observed on some dates (Fig. 6) .
Concerning the internal (cellular) UV-B absorbing compounds, the trends were similar (Fig. 7) , but differences were not significant.
Effects of water stress on epicuticular and internal UV-B absorbing capacity
As expected, water-stressed plants had considerably lower water contents and relative growth rates compared with well-watered plants. However, no effect of water stress was observed on either epicuticular or internal UV-B absorbing capacity (results not shown).
Discussion
The data on the levels of both epicuticular and internal UV-B absorbing compounds obtained during the course of this investigation fit well with the initial hypothesis that their amounts should fluctuate with the season and site and in accordance to the magnitude of the imposed stresses. Mediterranean climates are characterized by mild, wet winters and long, dry, hot and sunny summers (Di Castri, 1973) . Accordingly, evaporative demand is high during the summer and water stress is believed to be the major limiting factor for the local flora (Mooney, 1987) . In addition, the practically cloudless summer, in concert with low water availability, predisposes plants to photoinhibitory stress , while UV-B radiation load is high. The consistent and dramatic increase, therefore, of epicuticular UV-B absorbing compounds during this period may have the dual adaptive significance of cuticular transpiration restriction (Rhoades, 1977; Stephanou and Manetas, 1995) and protection against the damaging effects of increased UV-B radiation. It is noted here that the corresponding summer increase of the internal UV-B absorbing compounds was not so consistent and profound. Probably, internal UV-B absorbing compounds have different roles, necessitating a relative seasonal stability in their levels. Seasonal changes in the total leaf phenolics have been frequently monitored with conflicting results, where the effects of abiotic fluctuating environmental parameters were confounded with internally driven developmental changes (see Waterman and Mole, 1994 , and literature cited therein). Corresponding changes in epicuticular phenolic concentrations have been seldom addressed, but, in the few cases known to the authors, peak concentrations were observed during the summer (Barberan et al., 1985; Clark and Clark, 1990; Chaves et al, 1993) although the minimum-to-maximum differences were far lower than those obtained in the present investigation.
The effects of light and shade on total foliar phenolic concentrations have been repeatedly interpreted in terms of their possible function as feeding deterrents (Larsson et al., 1986; Mole et al., 1988; Shure and Wilson, 1993; Dudt and Shure, 1994) and in the context of their potential function as UV-B radiation filters (Les and Sheridan, 1990; Lovelock et al., 1992) . Although speciesspecific differences and other environmental variables seem to have an important role, light availability, in most of the cases, had a positive effect on phenolic levels and, accordingly, on the UV-B radiation absorbing capacity. To the best of our knowledge, however, this is the first investigation showing that epicuticular phenolics are also positively influenced by light availability. Apart from light, exposed plants suffered from water stress more than the shaded plants (Table 1) . Earlier results (Gershenzon, 1984 , and literature cited therein) failed to show a clear relationship between phenolic biosynthesis and water stress. Considering the possible role of epicuticular resin material in the reduction of epicuticular transpiration (Rhoades, 1977; Stephanou and Manetas, 1995) , it could be expected that water-stressed plants should benefit by increasing the production of this material. These results, however, showed no such effect, indicating that both the seasonal and site-dependent changes in the levels of epicuticular and internal phenolics cannot be related to water availabilty.
On the other hand, it is generally accepted that the phenylpropanoid biosynthetic pathway is accelerated by UV-B radiation (Tevini, 1993) . This is mainly based on growth chamber and glasshouse experiments. However, field studies with Mediterranean plants have failed to show significant increases in total UV-B absorbing capacity Petropoulou et al., 1995) .Yet, there are plants synthesizing such compounds in glandular hairs located on the epidermis, as is the case in the Cistaceae (GQlz et al., 1996) , where the glands are directly exposed to UV-B radiation. This study's results, however, on the influence of supplemental UV-B radiation on both epicuticular and internal UV-B absorbing capacity, failed to show a clear relation as there was a considerable between-years variation in the effect. It should be noted here that a 15% ozone depletion will result in a c. 25% increase in daily UV-B radiation doses ( Bj6rn and Murphy, 1985) . This diference is small, compared to the 8-fold difference between the shaded and exposed site (Table 1) and between the daily dose at the earth's surface between the winter and summer solstice in Patras (computed according to the model of Bjorn and Murphy, 1995) . Therefore, the site and seasonal changes could be the result of UV-B radiation fluctuations, but the experimentally applied supplemental UV-B radiation may be too low to elicit differences between control and UV-B treated.
